Objectives: To examine the role of hippocampus in stress regulation in older adults with amnestic mild cognitive impairment (aMCI).
Introduction
Acute stress adaptation refers to an individual's flexible response when facing acute physiological and environmental challenges [1] . Cumulative exposure to chronic stress can endanger an individual's acute stress adaptation, and have a long-term adverse effect on brain structure and function [2] . The hippocampus is essential in stress regulation, as it is an important top-down regulator of the Hypothalamic Pituitary Adrenal (HPA) axis where it plays a crucial role in the stress adaptation process [3, 4] , including the regulation of the autonomic nervous system (ANS) [5] . It is well known that the hippocampus is enriched with receptors for cortisol, which makes the hippocampal function especially susceptible to stress [6, 7] . Previous studies have found that deficits in hippocampal function and structure are associated with short-or longterm after-effect from chronic or acute stress [8] [9] [10] [11] .
Compared with young adults, stress regulation can be more problematic in aging people, especially those with age-associated neurodegenerative disorders. Hyperactivity of the HPA axis, resulting in increased production of the stress hormone cortisol, has been consistently reported in patients with Alzheimer's disease (AD) related dementia [12] . Increased hippocampal degeneration, associated with greater cognitive impairment, has been shown to correlate with elevated self-reported chronic stress in older adults [13] . Furthermore, stress dysregulation, indexed by hyperactivity of the HPA axis, can accelerate the cognitive decline and dementia severity for those at risk for AD. Amnestic mild cognitive impairment (aMCI) is an intermediate stage between normal cognitive aging and AD dementia where afflicted individuals exhibit memory deficits but intact functional abilities, and is predictive of progression to AD [14] .
Some research indicates stress dysregulation in aMCI, indexed by HPA axis hyperactivity, to be M A N U S C R I P T
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Running Head: Hippocampal Networks and Stress in aMCI 4 of similar magnitude to that in AD dementia, indicating that stress dysregulation can precede the dementia disease stage. Additionally, aMCI individuals with greater stress dysregulation show more rapid declines in memory and global cognition as well as increasing dementia severity over time, compared to aMCI individuals with 'normal' stress reactivity [12] . However, the literature on cardiovascular reactivity/recovery-indexed stress regulation in aMCI has been contradictory, with some studies suggesting dysfunction while others indicating maintenance of normal regulation [15] [16] [17] . It leads to question the relationship between central and peripheral physiological systems in stress regulation if we aim at obtaining a clear picture of stress regulation in aMCI.
Many neuroimaging studies have reported patients with AD show both disrupted structural integrity of the hippocampus [14, 18] and disruptions in the networks of the ANS that result in stress dysregulation [15, 19] . However, compensatory functional networks involving the hippocampus and parietal and frontal regions have been revealed to support goal-oriented behaviors, and potentially stress regulation, in individuals with aMCI [18, 20, 21] . Given the prevalence of stress dysregulation in AD and the detrimental effects that chronic stress can have on the brain, understanding the neural mechanisms of stress is critical for promoting biologically successful aging, especially in individuals at high risk of AD. However, it is still unclear whether the relationship between chronic and acute stress in aMCI can be explained by the hippocampus, especially the hippocampus involved networks.
The objective of the present study was to examine the relationship between the hippocampus and stress regulation in older adults with aMCI. We hypothesized that due to hippocampal atrophy M A N U S C R I P T
Running Head: Hippocampal Networks and Stress in aMCI 5 and disrupted functional connectivity in neurodegeneration, the acute stress adaptation (indexed by the cardiovascular reactivity and recovery to acute cognitive stress) would be vulnerable to the effects of chronic stress exposure (indexed by perceived chronic stress) in the aMCI group relative to cognitively healthy ager controls (HC).
Methods

Participants
The data from thirty-nine participants (17 aMCI, 22 HC) was used in this study. The aMCI group were recruited from university-affiliated memory clinics using the clinical diagnosis of "mild cognitive impairment due to Alzheimer's disease" set forth by Albert et al. [22] . They had deficits in memory based on an intensive neuropsychological battery but retained intact basic activities of daily living and absence of dementia per the NINCDS-ADRDA criteria [23] . Age, sex, and education-matched HC participants without self-reported history of aMCI or dementia were recruited from the community.
Design and assessments
The study consisted of two sessions: Session 1, neuropsychological and psychosocial-behavioral interviews; Session 2, acute stress protocol. In Session 1, the neuropsychological battery included a baseline ECG recording (10 minutes), an ECG with computerized cognitive tasks being administered (20 minutes), and recovery ECG recording (10 minutes, after 30 minutes relaxation). The computerized tasks included a Stroop task and Dual 1-back task, which have been widely used to elicit cognitive/perceived stress due to their cognitive demands [24] , [25] .
Each of the tasks lasted 10 minutes and the order was inter-balanced across participants.
Immediately after the baseline ECG recording, individuals took part in the baseline fMRI scans.
Chronic stress exposure
Chronic stress exposure was measured using the Perceived Stress Scale (PSS) [26] . The PSS consists of 10 questions, in which participants rate the severity of perceived stress over the past month using a five-point scale from "Never" (0) to "Very Often" (4) . A mean score across 10 items was used in the current study with higher scores indicating more severe exposure to chronic stress. The Cronbach's alpha of the items in the current study was .91. The PSS has been validated in older adults and can reliably represent the perceived experience of stress in this group [27] .
ECG data acquisition and analysis
Acute stress adaptation was measured using the high frequency domain (0.15-0.40Hz) of participants' heart rate variability (HF-HRV), which was recorded using 3-lead ECG (Mindware, https://www.mindwaretech.com/) in Session 2. HF-HRV is a sensitive biomarker of acute stress as it is representative of parasympathetic influences, which are the only cardiovascular indices capable of producing rapid, millisecond, changes in the heart's beat to beat timing [28] . Also, the function of parasympathetic nervous system, both reactivity and recovery, reflects an M A N U S C R I P T
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Running Head: Hippocampal Networks and Stress in aMCI 7 individual's adaptation to stress. The ECG data was processed in HRV software (Mindware) as described previously [29, 30] . The first and last minute of each recording were excluded to avoid potential noise and intervals between R peaks were preprocessed to remove ectopic beats and artifacts. HF-HRV values were derived over 20-second intervals, as analyzing multiple short epochs to examine a dynamic signal is beneficial in psychophysiological studies in which variability changes over time [29, 31] . HF-HRV data was expressed in absolute units and then natural log transformed for normalization. The mean HF-HRV was obtained by averaging the HF-HRV data in baseline, stress tasks, and recovery period, respectively. We examined the pattern of the acute stress response (baseline, mean reactivity across two tasks, and recovery) with repeated measure ANOVA for the entire sample. Different models of HF-HRV are functions used to describe and quantify the pattern of HF-HRV changes over time. Given the typical HF-HRV decrease following a cognitively stressful test [32] the quadratic model has been found to describe brain-regulated HF-HRV acute stress response effectively [33, 34] , and we found it to be superior to other models (see "Results"). This model reflects the U-shape of the HF-HRV response: high at baseline, lower during the task, and rebounded after rest. The quadratic term 'a' represents 'curvature' of HF-HRV function and how fast HF-HRV raises or drops, which is representative of stress adaptation; the linear term 'b' represents the minimum HF-HRV can reach, and the constant 'c' represents the initial HF-HRV level. We extracted the quadratic term 'a', dubbed HF-HRV_quadratic, for the following analysis.
Imaging data acquisition and analysis
The baseline MRI data was collected at the Rochester Center for Brain Imaging using a 3T Siemens TrioTM scanner (Erlangen, Germany) equipped with a 32-channel receive only head 
Imaging data preprocessing and analysis
For the structural data, voxel-based morphometry (VBM) analysis was performed to calculate hippocampal gray volume using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). Briefly, the structural images were segmented into gray matter, white matter, and cerebrospinal fluid. After an initial affine registration of the gray matter map into the Montreal Neurological Institute (MNI) space, the gray matter images were nonlinearly warped using DARTEL [35] , a toolbox which implements a fast diffeomorphic registration algorithm. Then, the gray matter volume within left and right hippocampus was extracted based on the Automated Anatomical Labeling (AAL) [36] hippocampal masks.
The functional imaging data was preprocessed and analyzed using DPARSF2.3 (http://rfmri.org/DPARSF). The first 5 volumes of each participant's functional data were excluded due to potential noise related to the equilibrium of the scanner and the adaptation of the participants to the scanner. The remaining 95 volumes were corrected for head-motion, slicetiming, nonlinearly warped to MNI standard template, and resampled (3mm x 3mm x 3mm). Then, all data was smoothed using Gaussian kernel (FWHM 4mm). After removing the linear trend, data was band pass filtered (0.01-0.08Hz). Nuisance covariates, including 6 head motion parameters, global mean signal, white matter signal, and cerebrospinal fluid signals, were regressed out before functional connectivity analysis [37, 38] .
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
The left and right hippocampus were selected as seeds by using the AAL templates [36] . To generate the hippocampal functional networks, the averaged time series within left and right hippocampus were extracted to correlate with each voxel across the entire brain, separately.
Multiple linear regression was used to identify the brain regions associated with both PSS and HF-HRV_quadratic within hippocampal networks, controlling for head motion. Significant brain regions were identified with a threshold of corrected p < .01 (uncorrected p < .005, cluster size > 12). The correction of multiple comparisons was applied within the whole brain mask and determined by Monte Carlo simulations using the AFNI AlphaSim program [39] . Since only using smooth kernels in preprocessing is not sufficient, the effective smoothness for AlphaSim correction was estimated based on 4D residuals using DPABI_V2.3 toolbox [40] . For each participant, the correlation coefficient of hippocampal functional connectivity (z-transformed and averaged within each significant region) was extracted for the following analysis. and normal distribution were used to examine the main and interaction effect of group and PSS score on HF_HRV_quadratic (Y=β 0 + β 1 x PSS + β 2 x Group + β interact PSS x Group). Mediation models were estimated to test whether the hippocampal network would mediate the effect of PSS on HF-HRV_quadratic by using PROCESS macro in SPSS [41] . Mediating effect was estimated based on the indirect effect (defined as how PSS influences HRV through connectivity) in the PROCESS macro; and significance test was determined based on 95% confidence interval with bootstrapping the standard error of the indirect effect.
Other Data Analysis
Results
Sample characteristics
There was no significant difference between HC and aMCI group in age, sex, education, and GDS. The aMCI group had significantly lower RAVLT and MOCA scores compared to the HC group (see Table 1 ).
Chronic stress exposure and acute stress adaptation
There was no group difference in perceived chronic stress indexed by PSS (t = -.59, df = 37, p = .56), as both aMCI and HC perceived relatively low levels of chronic stress. To assess acute stress adaptation induced by cognitive tasks, repeated measures ANOVA was applied to examine different stages (baseline, mean reactivity across two tasks, and recovery) for the entire sample.
We tested three validated models of HF-HRV trajectories in response to a task: quadratic (high at baseline, lower during task, high again at rest), linear (consistent change throughout), and cubic(increase, plateau during stress, then increase again). We found that the quadratic model 
Hippocampal functional connectivity associated with PSS and HF-HRV
The aMCI group had significantly smaller right hippocampus (RHIP) volume than the HC (t= Figure 2C) . We did not find any significant correlation in the right hippocampal functional connectivity. Lastly, we also compared the difference in hippocampal networks between the two groups directly and found no significant results. Figure 4) . There was no significant mediating effect of any hippocampal networks in HC group on acute stress. Additionally, this mediation is specific to PSS, as no mediation effect was found using other cognitive tests.
Mediation analysis in functional connectivity and stress
Discussion
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The present study examined a potential neural mechanism underlying the effects of chronic stress on acute stress adaptation. More perceived exposure to the chronic stress (indexed by higher PSS) was significantly related to worse acute stress adaptation (indexed by higher HFHRV_quadratic) for the entire sample. However, we did not find any significant difference between aMCI and HC in chronic stress (PSS) and acute stress adaptation (HF-HRV_quadratic).
The hippocampal volume, particularly the right one, was found to be significantly smaller in individuals with aMCI compared to HC, while the left hippocampus was similar between groups.
More importantly, we found that group-dependent stronger left hippocampal functional connectivity (LIPL-LHIP for HC, and Rinsula-LHIP and LPG-LHIP for aMCI) was related to less perceived chronic stress and better acute stress adaptation. Moreover, functional connectivity of Rinsula-LHIP mediated the effect of PSS on HF-HRV_quadratic. The mediation effect here indicates that HF-HRV change is dependent on the change of correlation between functional connectivity and PSS, which in turn suggests that a stronger negative correlation between connectivity and PSS predicts lower HF-HRV_quadratic and a better stress response.
Overall, our findings suggest that aMCI patients may recruit extra hippocampal networks, particularly RInsula-LHIP functional connectivity, to regulate stress and alleviate the adverse effect of chronic stress exposure on acute stress responses.
There was no significant group difference in perceived chronic stress or acute stress adaptation.
Abnormal HF-HRV reactivity to acute stress was observed in the middle to late stages of AD compared to healthy older adults [19] , suggesting altered acute stress regulation with more advanced neurodegeneration. For individuals with aMCI, however, there have been contradictory findings regarding the HF-HRV reactivity or recovery to acute stress [15, 16, 42] .
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The inconsistent findings may be due to the heterogeneity in the pathophysiology in individuals with aMCI [43] . With respect to research into chronic stress, scores on the PSS did not differ significantly between MCI and HC in one study [27] , which was consistent to the current study.
While the chronic and acute stress themselves were similar between our two samples, we observed distinct group patterns in the hippocampal networks involved in the chronic and acute stress regulation. For HC, the network involved posterior brain regions (IPL), while the network in aMCI was driven by anterior brain regions (insula and PG). Consistently, another study found functional connectivity of the IPL in healthy older adults that was correlated to performance in a cognitive stress task [44] . In addition, previous studies also found insula and LPG are involved in emotion regulation and compensation in MCI and AD-related neurodegeneration [45] [46] [47] . Given that anterior brain regions are known to participate in neural compensation and supporting cognitive performance in individuals at risk for AD [48] , our findings suggest that similar posterior to anterior shifts may be used to compensate for other age-related brain dysfunction, such as acute stress adaptation. Therefore, we speculate that the lack of group difference in PSS and HRV may be due to the compensatory effects of the hippocampal network found in aMCI.
Consistently, previous studies have shown that hippocampal functional connectivity was recruited for compensating cognitive dysfunction in age-related neurodegeneration [49] . It appears that the enhanced functional connectivity strength between LPG/ RInsula and LHIP in aMCI in our study may alleviate any detrimental effects of HPA axis dysregulation as well as salience network, plays a critical role in stress appraisal [50] and has also been shown to be a part of the regulation of HF-HRV [28] . Therefore, the LHIP-Insula connectivity may play a crucial role in understanding the relationship between chronic and acute stress. Lastly, the functional networks only exist in the less impaired side of hippocampus (left). Some emerging evidence has indicated that changes in hippocampal functional connectivity are lateralized in the brain in AD with left hippocampal functional connectivity being increased [51] . Regardless, the relationship between lateralization and compensation will need further validation.
There were several limitations in our study. First, the sample size was relatively small, which may give the possibility of errors, and the mediation analysis was thus carried out on a small cross-sectional dataset, abolishing the possibility of determining causal relationships. Second, the PSS measurement has been shown to be vulnerable to the effects of memory deficits or anosognosia in AD, as those with impairments are not often aware of their own deficits.
Although these effects of anosognosia were less severe in aMCI [52] , there remains a possibility that this phenomena may have affected ratings of perceived chronic stress in our sample, making it a limitation of this study. Future research should incorporate biomarkers such as blood or salivary cortisol samples to measure stress levels in addition to self-report measures. In addition, the current study focused on the hippocampal functional network in underlying the neural correlates of stress, as the hippocampus is a target of HPA axis dysregulation as well as regulator of ANS function. However, other brain regions, like the prefrontal cortex, also play a crucial role in stress appraisal and response, as well as in the regulation of HF-HRV [28] . Therefore, it is possible that other networks (e.g. prefrontal cortex involved central executive network) are also involved in stress regulation, which needs to be considered in future research.
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In summary, our results shed a light on the brain mechanism of stress regulation in age-related neurodegeneration. Individuals with aMCI may recruit different regions in hippocampal networks to regulate acute stress that remedies the effects of chronic stress exposure. More research is needed to develop a better framework to understand the complex relationships between stress and age-associated neurodegeneration. We believe that these findings may help further elucidate the intricacies of the neurodegenerative and subsequent neural compensation found in the development of dementia.
Acknowledgments:
This work was supported by an Alzheimer's Association New Investigator grant (NIRG-14-317353) to FL. Tables:   Table 1 . Demographics and characteristics of subjects. 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Figures and
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Running Head: Hippocampal Networks and Stress in aMCI 
